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A new concept of a system based on a Stirling engine for the combined production of heat and electric 
power is presented. The system uses two renewable energy sources, direct solar (thermodynamic solar) 
and biomass (indirect solar energy). Biomass combustion is conducted using a fluidized bed combustor. A 
second source of energy, given by the direct irradiation of the bed with a concentrated solar radiation, is 
integrated in the same system, using the fluidized bed as solar receiver. A Scheffler type mirror is adopted 
to allow irradiation of the system in a fixed focal point. A Stirling engine, integrated into the fluidized bed, 
converts heat into electricity. Advantages of the proposed solution are illustrated and some preliminary 
results on the performance of the system, obtained with a simple model, are presented. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

This paper presents the first developments of a new cogenera¬ 
tion system driven by two renewable energy sources: direct solar 
(thermodynamic solar) and biomass (indirect solar energy). 

There are several technologies available for cogeneration: 
Roselli et al., in [1 ], focused on microcogeneration systems (electric 
power ^15 kW), which represent a valid and interesting applica¬ 
tion for residential and light commercial users. The energy, 
economic and environmental performance of small scale cogenera¬ 
tion systems were reported, by means of experimental research 
activities performed by the authors and other researchers. In [2], 
the technical performances of complex small scale trigeneration 
systems are analyzed, through theoretical and experimental inves¬ 
tigations. These systems can be based on different prime movers 
(Stirling engine, reciprocating internal combustion engine, fuel 
cell, gas turbine) and can achieve significant primary energy sav¬ 
ings and reductions of equivalent C0 2 emissions with respect to 
conventional system, based on separate energy production. In 
[3], a comparison of various cogeneration configurations, such as 
vapor and gas turbines, internal and external (Stirling, Ericsson) 
combustion engines, is performed considering different thermody¬ 
namic criteria, namely the energy and exergy efficiency. Optimiza¬ 
tion of these systems is carried out to maximize the exergy 
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efficiency, when various practical or physical constraints are taken 
into account. The gas turbine engine-based one is considered the 
more representative system for industrial applications of cogene¬ 
ration. As regards residential and light commercial applications, 
the Stirling engine (SE), in particular if activated by a renewable 
energy source, appears the most suitable and promising for small 
size systems. Microcogenerators (MCHP, micro-combined heat 
and power, with electric power lower than 15 kW) based on Stir¬ 
ling engine, having electric efficiency in the range between 10% 
and 25%, and fueled with fossil fuels, are nowadays commercially 
available [2,4]. 

The coupling of a biomass system with a Stirling engine to ob¬ 
tain a cogeneration system is therefore quite natural and indeed al¬ 
ready exploited in the past. 

The original idea, successfully adopted in several systems 
already on the market, is to place the hot head of the SE in direct 
contact with the flame, identified as the region of highest temper¬ 
ature, to maximize thermal exchange between the hot combustion 
gases and the working fluid of the engine. While this is an effective 
solution for gas combustors, it is not suitable for biomass. There¬ 
fore, in usual designs of biomass fueled SE, heat is recovered from 
exhaust gases, while combustion of biomass takes place in fixed- 
bed systems, such as gratings typically used to burn logs and wood 
chips, or braziers used for combustion of pellets [5]. A major draw¬ 
back of this concept is that, even in the cleaner burners that can be 
imagined, it is difficult to prevent formation of solid particles that 
deposit on heat exchange surfaces, progressively reducing the 
efficiency of the heat recovery [6]. 
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Nomenclature 



A 

area of the FBC section, m 2 

R 

gas constant of the working fluid of Stirling engine, kj / 

Ah 

exchange area of the SE heater, m 2 


(kg K) 

Al 

exchange area of the SE cooler, m 2 

t 

time, s 

Afb 

area of the FBC lateral walls, m 2 

T 

temperature of fluidized bed, K 

As 

mirror area, m 2 

h 

temperature inside the expansion chamber, I< 

c pg 

specific heat of gas phase, kj/(kg K) 

t 2 

temperature inside the compression chamber, K 

Cf 

specific heat of fuel, kj /( kg I<) 

T a 

ambient temperature of air, I< 

c s 

specific heat of solid phase, kj/(kg K) 

T h 

temperature of the hot source of SE, K 

dp 

particle diameter, pm 

Tin 

inlet temperature of air, I< 

hair 

enthalpy of air, kj/kg 

T l 

the temperature of the cold sink of SE, K 

hout 

enthalpy of hot gases leaving the FB, kj/kg 

u 

bulk velocity of gas phase in the FBC, m/s 

h F 

sensible enthalpy of fuel, kj/kg 

V, 

volume of the expansion chamber, m 3 

h 

solar irradiance, W/m 2 

V 2 

volume of the compression chamber, m 3 

ko 

I<H 

heat leak coefficient of SE, W/I< 

heat transfer coefficient between the fluidized bed and 

Greek letters 


the SE heater, W/(m 2 K) 

y 

specific heat ratio of the SE working fluid, [-] 

K, 

heat transfer coefficient of the insulating layer of the 

A H F 

lower heating value of fuel, kj/kg 


FBC, W/(m 2 K) 

£r 

efficiency of the regenerator of SE, [-] 

I<L 

heat transfer coefficient between the working fluid of 

rj c 

combustion efficiency in the FBC, [-] 


the SE and the cooling fluid, W/(m 2 I<) 

f ]csp 

solar collector efficiency, [-] 

Mi 

regenerator time constants of compression, s 

t]SE 

Stirling engine efficiency, [-] 

m 2 

regenerator time constants of expansion, s 


FBC thermal recovery efficiency, [-] 

dlair 

mass flux of air, kg/s 

2 

compression ratio, [-] 

m F 

mass flux of fuel, kg/s 

(p 

see Eq. (13), [-] 

m s 

total mass of solid particles, kg 

X 

SE temperature ratio, [-] 

n 

number of moles of the working fluid of Stirling engine, 
[-] 

useful mechanical power produced by the SE, kW 

pg 

gas phase density, kg/m 3 

Pse 

Arrnnvms 

Qc,in 

heat entering the system with air, kW 

CSP 

concentrated solar power 

Qc,out 

heat losses by convection, kW 

CV 

control volume 

Qcomb 

heat released by the biomass combustion, kW 

FB 

flnidi7pd hpd 

Qicsp 

heat collected from the solar concentrator, kW 

FBC 

fluidized bed combustor 

0iD,out 

heat losses by conduction, kW 

MCHP 

micro-combined heat and power 

Q F ,in 

sensible heat entering the system with biomass fuel, kW 

PDR 

parabolic dish reflector 

OiSE 

heat transferred to the Stirling engine, kW 

Rec 

heat recovery unit 

Qth 

prescribed thermal power output, kW 

SE 

Stirling engine 


To this type of plant belongs the prototype developed in [7]. A 
similar system was successfully developed in Denmark [8]. Proba¬ 
bly the most significant experience was carried out with the SOLO 
161 Stirling engine. This engine has been adopted in several 
projects, including some ones aimed at producing electricity by 
burning biomass [9], or natural gas [10] as primary energy source. 
Recently, a SOLO 161 SE has been coupled with a combustor fueled 
by methane, achieving efficiencies as high as 36% [11]. All these 
plants are characterized by primary power input in the range of 
100-150 kW and, correspondingly, by electrical power generated 
around 35 kW. The only attempt that has had a real market appli¬ 
cation is that of Stirling Biopower (USA), that produces a cogener¬ 
ator named PowerUnit. The main components of this unit are a 
4-cylinder Stirling engine, capable of delivering up to 38 kW of 
electric power (at 50 Hz) with an efficiency of 27-28%, and a heat 
exchanger able to recover the heat coming from a hot gas stream 
that leads to a global efficiency up to 80%. It is therefore suitable 
for a multitude of fuels when necessary measures are taken to con¬ 
vey the stream of hot combustion gases to the heat exchanger. 

A device for cogeneration sized for household energy demands 
was developed in the USA by External Power LLC [12]. It consists in 
coupling a burner for biomass in the form of pellets, with a Stirling 
generator, and it is potentially able to meet the energy require¬ 
ments of a single-family housing unit. A German manufacturer 
produces a cogeneration unit with 3 kW electric and 10.5 kW 


thermal power based on a SE powered by biogas, wood pellet 
and solar source [13]. 

However, scaling down such design to single household size re¬ 
duces electric efficiency, unless heat transfer between hot combus¬ 
tion gases and the working fluid of SE is significantly enhanced. 

Among the many reasons for the failure of systems in which the 
process of biomass combustion is devoted to generate hot flue 
gases for the heater of the SE, the low efficiency of the processes 
of biomass gasification [14] have to be accounted for. Moreover, 
all gasification processes produce tar, i.e. compounds of long-chain 
hydrocarbons, which make acid fumes and have a tendency to con¬ 
dense on the exchange surfaces, causing serious problems of clog¬ 
ging and corrosion. The problems that concern the use of biomass 
in combination with a SE are mainly concentrated on the transfer 
of heat from the combustion gases to the working fluid of the SE. 
The temperature must be high to obtain an acceptable specific 
power and electric efficiency, and the heat exchanger must be de¬ 
signed so that the problems of fouling are minimized [5]. 

As regards the use of Stirling engines activated by solar energy, 
except than few studies analyzing systems with flat plate collec¬ 
tors, [15,16], nowadays the technology is limited to Parabolic Dish 
Reflector (PDR); they are concentrating solar collectors, consisting 
of a reflective paraboloid, equipped with a biaxial tracking system, 
which focuses the solar radiation on the receiver, placed in the 
focus of the paraboloid. Solar energy is absorbed by the receiver 
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and converted to thermal energy; then it is transferred to a heat 
transfer fluid. Thermal energy can be directly used in the receiver, 
to generate electricity by means of an electric generator typically 
activated by a Stirling engine, directly located in the receiver of 
the system. Alternatively, thermal energy can be transferred to a 
centralized system, also in this case for electric energy “produc¬ 
tion” by means of a Stirling engine. 

PDR systems do not have a thermal storage capacity but they 
can be hybridized to operate with fossil or renewable fuels when 
solar radiation lacks. To the authors’ knowledge, only few studies 
have been developed up to know to investigate the feasibility of 
this coupling [17]. This is one of the aims of the project illustrated 
in this paper. 

Specifically, we are attempting to introduce the fluidized bed 
technology as a mean able to increase the transfer rate of both 
the concentrated solar heat and the heat produced by biomass 
combustion to the Stirling engine. 

The main motivations supporting integration of the Concen¬ 
trated Solar Power (CSP) are: the large and unconditioned avail¬ 
ability of the solar energy, especially in tropical and subtropical 
regions; the possibility to greatly reduce the consumption of bio¬ 
mass, that becomes limited to the supply of the primary energy re¬ 
quired to maintain the energy output at nominal levels of power 
and efficiency during night and/or reduced solar radiation; the pos¬ 
sibility to shorten the economic payback time. Furthermore, the 
possibility to store heat in the inert material of the bed allows to 
dump some of the variability intrinsic in the uncertainty of atmo¬ 
spheric conditions. This allows to obtain, besides fuel flexibility 
and low emissions, typical of fluidized bed systems, also optimal 
operating conditions for the Stirling unit, as it becomes indepen¬ 
dent from the aleatory solar source and it can reach a high overall 
efficiency in each operating mode. 

The aim of this paper is therefore to describe, model and ver¬ 
ify, by means of simulations, the technical feasibility of the new 
concept of solar-biomass cogeneration system. This will allow to 
define the optimal configuration of the main components, in 
terms of technical and dimensional characteristics, towards the 
maximization of the overall energy performance. In fact, as re¬ 
gards dimensional issues, potential applications of the system in 
urban environments are mainly represented by residential (both 
single family and multifamily houses), tertiary and light commer¬ 
cial users, therefore its size should be enough low to be easily 
located within the building premises. Furthermore, as regards 
energy performance, the maximization of thermal recovery from 
the system is particularly advantageous and should be strongly 
pursued, as it can be used for heating and domestic hot water 
production purposes, [18-21], in residential and commercial 
buildings. 

Future developments will be the experimental testing of the 
prototype cogeneration system, for model validation purposes, as 
well as its comparison, in terms of energy and emissions perfor¬ 
mance, with a suitable reference system, e.g. based on the separate 
“production” of the same amounts of electric and thermal energy. 

2. System description 

The system here reported is sized with the objective to satisfy 
the needs of a single family residential unit. 

The first innovation here proposed is the use of a Fluidized Bed 
(FB) combustion process that offers, at least in principle, several 
advantages: 

• FB combustion is conducted at temperatures of about 850 °C 

and then it is perfectly compatible with those required for opti¬ 
mal operation of the SE [22]. 


• At this temperature, emissions of nitrogen oxides are low, mak¬ 
ing it a favorable mode of combustion in terms of environmen¬ 
tal impact. 

• Coefficients of heat exchange between the fluidized bed and the 
surfaces of the heat exchangers immersed in it are, typically, at 
least 10 times greater than those between a gas and the heat 
exchanger. Depending on the design targets, this may reduce 
the size of heat exchange surfaces, and thus the footprint of 
the equipment, or ensures the required heat flux at lower com¬ 
bustion temperatures, thus reducing heat losses in the flue gas. 

• The FB automatically exerts a cleaning action on the surfaces of 
the heat exchanger, thus maintaining the exchange coefficients 
stable over time at the design values, minimizing the need for 
maintenance [23]. 

A second innovation proposed is to integrate, in the same 
equipment, a different source of renewable energy, given by the 
direct irradiation of the bed with a concentrated solar radiation. 
The FB offers several opportunities to be exploited in conjunction 
with CSP. Firstly, by considering the FB as a particle laden flow, 
the receiver can be conceived on the basis of a radiative transfer 
from the solar radiation to the small solid particles, in principle 
much more efficient than any convective or conductive heat 
exchange [24]. Secondly, the heat capacity of the mass of the solid 
particles forming the bed can act as a dumper of the energy supply 
oscillations due to the natural characteristics of the solar source. 
On the other hand, CSP integration implies higher design complex¬ 
ity and cost, and increases the footprint of the whole equipment. 

Due to the size, weight and operating temperature of the FB-SE 
system, a proper choice of the solar concentrator is required. In 
conventional concentrated collector types, such as parabolic 
trough, linear Fresnel, parabolic dish and heliostat field collectors, 
some features that make them unsuitable for this project exist. In 
order to provide thermal energy to the FB a high temperature heat 
transfer fluid is complex to manage and at same time one cannot 
imagine placing the FB in the focus of the concentrator as it cannot 
be moved freely (it must necessarily be in vertical position) and 
easily (because of its weight); finally the generous sizes of FB can 
prevent a significant amount of solar radiation from reaching the 
bed. 

All these limitations can be overcome by the Scheffler concen¬ 
trator [25], that is suitable for a static target/focus such as that re¬ 
quired for the heavy FB-SE assembly. The most numerous 
applications of this type of concentrator fall within the scope of 
the solar cookers [26], but the exergetic approach, proposed in 
[27], demonstrates that Scheffler collectors are more appropriate 
for industrial application than for cooking. 

Sardeshpande and Pillai [28] compared the economic benefits of 
a Scheffler and a dish concentrator with Fresnel arrangement for 
medium temperature applications in India, deriving that the for¬ 
mer have a greater feasibility and a shorter pay-back period. 

Ruelas et al. [29] developed a simulation model of a Scheffler 
reflector directly coupled to a Stirling engine. This model is based 
on geometrical and optical considerations relatively to the concen¬ 
trator and incorporates also a thermal model of the receiver. They 
validate the model and numerically demonstrate that this configu¬ 
ration can obtain an increase of 7% in thermal efficiency, with re¬ 
spect to a parabolic dish collector. 

A very interesting configuration was found in [30] where a 8 m 2 
Scheffler collector is used to heat a distillation system employed 
for the treatment of medicinal and aromatic plants. 

A daily motion around the equatorial axis inclined at an angle 
equal to the local latitude (as the typical mounting of telescopes 
for amateur astronomers) is firstly required, carried out by a step¬ 
per motor. The Scheffler focus lies on the projection of the daily 
rotation axis. A seasonal correction is also required by changing 
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the parabolic shape in an adaptive way, both by rotating the decli¬ 
nation angle (±23.5°) and by adapting the curvature of the para¬ 
bolic surface in order to refit the focus on the target area. 

A representation of the whole system is schematized in Fig. 1, 
while a flow diagram of the principal energy fluxes is shown in 
Fig. 2. It consists of the following main parts: a solar collector, 
i.e. a mirror for the capture and concentration of the solar radia¬ 
tion; a FB, that plays the multiple role of: concentrated solar en¬ 
ergy receiver, heat exchanger with the head of the SE, biomass 
combustor; a SE, to convert the heat collected in the FB into 
mechanical and then electrical power, and a heat exchanger to re¬ 
cover the unused low enthalpy heat for heating purposes. Despite 
the seemingly complex system, all parts can be easily manufac¬ 
tured to be robust and reliable, the most complex being the SE 
which, as well known, is considered among the most reliable en¬ 
gines. All other parts are inherently robust and characterized by 
the need of very low maintenance. 

In this paper some particular aspects of importance for the cor¬ 
rect approach to the design of the proposed scheme are analyzed in 
detail. Economic aspects are beyond the scope of this paper and 
will be analyzed in a separate work. 

A preliminary sizing of the main component, i.e. the Fluidized 
Bed Combustor (FBC), is attempted, starting from selecting few de¬ 
sign parameters. The first is the global thermo/electric power out¬ 
put, assumed in the range of 18-24 kW, to satisfy the typical 
demand of a single household. A proper amount for the electric 
share can be considered between 1 and 2 kW and it is character¬ 
ized to be almost continuously required, especially in the case of 
grid connection, whereas the thermal share is subject to a discon¬ 
tinuous request for sanitary uses and to a seasonal request for 
heating. 

The preliminary sizing of the surface of the mirror for solar cap¬ 
tion depends on the average solar irradiance, here assumed equal 
to 800 W/m 2 , lower than the conventional value of 1000 W/m 2 to 
account for the effective solar energy collected and/or unfavorable 
climate conditions. Two values for the total radiation need to be 
considered. The first is related to the thermal power requested 
by the SE, the second is related to the global thermodynamic effi¬ 
ciency of the SE cycle that determines the power available for elec¬ 
tric output. To generate about 1 kW of the electric power, the solar 
energy flux to collect is a function of the SE efficiency r] SEl this last 
assumed equal to 0.18 as a first approximation. Therefore, if the 
thermal energy recovery in the system can be performed with an 
efficiency rj th = 0.85, the required power becomes: 


Hot Water for 
heat utilization 



Qf drt 


Control Volume for 
the energy balance 


FBC 


Qd,oui 


Qcsp 




Water stream 
for heat recovery 


Fig. 2. Flow diagram of the system with the indication of the control volume for the 
energy balance with the accounted energy fluxes. 



PsE 

VsEVth 


1 

0.18 0.85 


kW 


6.54 kW 



If the solar collection efficiency is t] C sp = 0.75, then a capturing 
surface of 10.9 m 2 could be sufficient. In the case that the CSP is 
used for domestic heating, assumed a thermal power request of 
20 kW, the CSP to be transmitted to the fluidized bed results: 


Q.CSP 


^ = 3^ 1<W = 23.5 kW 

n th °- 85 



With the same assumptions for the efficiency of the solar collec¬ 
tion, a much larger capturing surface of 39.2 m 2 would be neces¬ 
sary. These rough estimates clearly indicate the advantage in 
coupling, in the same system, a second source for heat generation, 
still maintaining the option of producing electricity without the 
supply of an additional energy source. Conversely, the addition of 
the biomass fuel source allows to get the requested thermal out¬ 
put, maintaining a small size of the solar mirror, while allowing 
for a continuous energy generation, independently from ambient 
conditions. 



Biomass 


Water 


Electric 

power 


water 


Fig. 1. Schematic of the assembly. 


3. Model development 

A simple model has been developed to assess the potentiality of 
directly coupling of a solar energy source and a SE hot heat exchan¬ 
ger directly in the bed of a FBC. It consists of an analysis of the en¬ 
ergy fluxes among the several system components. 

3.1. Fluidized bed combustor 

As anticipated in the Introduction, the fluidized bed reactor 
plays three roles: concentrated solar energy receiver, heat exchan¬ 
ger with the head of the SE and biomass combustor. The fluidiza¬ 
tion is obtained, as usual, by air flow blowing from the bottom of 
a vessel where a certain amount of granular material, like sand, 
is loaded over an air distributor. This allows all particles to float 
and move, carrying and efficiently exchanging heat with the other 
particles, the confining walls and the gas phase. Therefore, inside a 
FB heat is almost immediately spread to both the gas and solid 
phase, and temperature can be assumed uniform in space. The high 
heat capacity of the bed helps avoid oscillations in time of the bed 
temperature, and therefore the whole process develops in a very 
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stable and controlled environment, enhancing the performance of 
the combustion process. 

Several models are proposed in the literature to estimate funda¬ 
mental design parameters for a FBC. Many of these models are 
based on a O-dimensional (lumped) approach, with mass and en¬ 
ergy balance. This approach is described, with different levels of 
complexity, in [31-34], and it is here adopted to determine the 
performance of the system. 

Its description starts from the definition of the control volume 
(CV) used to formulate the budget of total energy, as delimited 
by the surfaces that surround the volume of the fluidized bed 
(see the dashed yellow rectangle in Fig. 2). Mass balances are as¬ 
sumed to reduce to a simple global mass conservation, leading to 
algebraic identity between entering and leaving mass. Vessel walls 
are assumed to be well insulated, so that only a small amount of 
energy is lost towards the environment. Radiation flux from the 
surface of the bed is neglected under the assumption of equilib¬ 
rium with the reciprocal radiation from the vessel walls. The vari¬ 
ous flux contributions to the energy budget are identified, as 
shown schematically in Fig. 2. The energy balance is written 
assuming the FB working as a pseudo-homogeneous, perfectly 
stirred reactor including both solid- andgas-phase, meaning that 
a single temperature is assumed for both solid- and gas-phase. 
The main energy fluxes are, per unit time: 

- The inlet enthalpy carried by the fluidization air, assumed as an 
ideal gas, 

Qc,in — Wairhair — dl a ir Cpg{Tin) Tin: ( 3 ) 

and having a specific heat value c pg (T in ) ; 

- The sensible enthalpy carried by the (solid) fuel entering the 
fluidized bed at temperature T a , 

QF,in = = thpCfTa (4) 

and having a constant specific heat c F ; 

- The solar radiation power coming from the collector, 

Q.CSP = dcsp^sAs (5) 

where f] C sp is the global efficiency achieved in the process of collec¬ 
tion and transmission to the fluidized bed of the solar power at irra- 
diance I s adopting a mirror corresponding to a capture surface with 
area A s ; 

- The thermal power delivered to the SE, 

Qse = I<hA h (T-T i) (6) 

where I< H is the heat transfer coefficient between the fluidized bed 
and an immersed surface, evaluated by considering both conductive 
and radiative terms as reported in [31,35]; it mainly depends on the 
fluidization regime, the particle diameter and the temperature; 

- The outlet power carried by the hot gases leaving the FB, includ¬ 
ing both fluidization air and combustion gases, 

Qc,out = (tn a ir T filf) /lout ~ (fflair “F tflf) Cp^(T)T; (7) 

- The power lost by conduction from the FBC surface, 

Qi),out = KiAfb(T — T a ) ( 8 ) 

where b Cj is the overall heat transfer coefficient from the bed to the 
ambient, including an insulation layer, A FB the area of the lateral 
surface of the vessel in contact with the fluidized bed and T a the 
external ambient temperature. 

- The thermal power due to biomass combustion, 

Qcomb = rj c m F AH F ( 9 ) 

where r\ c is the in bed combustion efficiency (see later on), m F the 
mass feeding rate of fuel, and A H F the lower heating value of the 
fuel. 


Under typical conditions of operation of a FB, the gas velocity is 
in the order of a few meters per second or less. The bulk gas veloc¬ 
ity is computed by assuming that 

m air + m F =AUp g (10) 

where A is the FBC section, U the velocity of the fluidization air, p g 
the gas phase density at temperature T. The inlet mass flow rate of 
air corresponds to the minimum fluidization velocity in the case 
that no combustion occurs in the FBC ( m F = 0), while it takes the 
value corresponding to the combustion air required for a prescribed 
air excess in the case of combustion. Indeed, the minimum fluidiza¬ 
tion flow rate is largely overset by the amount of air required to 
burn the minimum quantity of biomass for practical heating 
purposes. 

Also, the pressure drop needed to fluidize the bed is relatively 
small. It is possible to neglect the variations of pressure in the 
bed and assume that the density variations are due primarily to 
changes in temperature (subsonic flow). In this case p g T = const. 
Accumulation of heat in the volume, because of the large mass dif¬ 
ference between the solid and the gas, can be assumed to occur 
only in the solid phase, having total mass m s and specific heat c s . 
Then, the following expression for the total energy balance in the 
FB is derived: 


dT 

dt 


1 


m s c s L 


Qc.in + Qf ,in “F Q.CSP QsE Qc,out Qd ,out “F Qcomb 


( 11 ) 


It is worth noting that the thermal power generated by biomass 
combustion depends on both fuel properties and FB operating con¬ 
ditions. Since biomass fuels are very reactive, a large fraction of 
combustion enthalpy is released in the bed under usual operation. 
The remainder fraction is released in the freeboard, contributing to 
its overheating [36]. In the present model, for the sake of simplic¬ 
ity, the heating of the bed due to heat released in the freeboard re¬ 
gion is neglected, while the amount of heat released in the bed is 
computed by expressing the combustion efficiency r\ c as a function 
of the actual FBC conditions, as reported in [23]. For the adopted 
fuel properties, corresponding to wood pellet, the efficiency of in 
bed combustion results to be around 90%. 


3.2. Stirling engine 

To express the heat power exchanged with the head of the SE 
when the working conditions inside the FB change, and to compute 
the corresponding performance, a simplified SE model is required 
[37]. In this work the SE is modeled adopting the approach pro¬ 
posed in [38]. This model compute the global efficiency of the SE, 
hence the useful power for electricity production, as a function of 
all main variables that define the engine and describe the function¬ 
ing of all its parts, whose values are reported in Table 1. 

A detailed description of the model is reported in the original 
paper [38]. Flere, for sake of completeness, only the model equa¬ 
tions are reported. The power produced by the thermodynamic cy¬ 
cle of the SE when the working fluid temperatures are, 
respectively, Ti inside the expansion chamber and T 2 inside the 
compression chamber, is given by 

Pse = ^ - X)<P(h). (12) 

In this expression % = T 2 /T^ « y/T L /T H , where T H = T is the 
temperature of the hot source, i.e. the fluidized bed temperature, 
and T l is the temperature of the cold sink. The (p(T i) function in¬ 
cludes some of the most important dependencies upon the SE 
parameters: 

i 1+^(1-Z) y + G,(i -x) 

(p{T\) K h A h (T h - h) K l A l (jT i - T l ) 


( 13 ) 
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Table 1 

Values of the main parameters adopted in the Stirling engine model. 


Temperature of refrigerant 

300 I< 

Rate of temperature change of regenerator 

1.0e-5 s/K 

Mass of working fluid (Air) 

0.014 kg 

Heat leak coefficient 

8 s/K 

Specific heat ratio of working fluid (Air) 

1.4 

Compression ratio 

2 

Working pressure 

15e+5 Pa 

Radius of absorber elements 

0.004 m 

Regenerator effectiveness 

0.85 

Length of absorber elements 

0.2 m 

Number of absorber elements 

50 




where I< H is the heat exchange coefficient between the FB and the 
working fluid in the expansion chamber; in the present work, this 
coefficient is assumed as being limited only by the resistance be¬ 
tween the solid granular phase and the external surface of the SE 
hot-side heat exchanger, or absorber; A H is the total extension of 
the external surface of the absorber; T H is the temperature of the 
hot heat source, assumed equal to the temperature in the FB, 
T h = T; I< l is the heat exchange coefficient between the working fluid 
of the SE inside the compression chamber and the cooling fluid; A L 
is the total extension of the external surface of the cooler; T L is the 
temperature of the cooling fluid; Gi = (1 - e R )/[(y — 1) InyL] where 
e R is the efficiency of the regenerator, y is the specific heat ratio 
of the working fluid, and 2 = V\/V 2 the compression ratio of the 
SE; Fi = (1/Mi + l/M 2 )/(nRln2), where n is the number of moles 
of the working fluid, R is the corresponding gas constant, Mi and 
M 2 the regenerator time constants of compression and expansion, 
respectively. The thermal power absorbed by the SE heat exchanger 
from the FB, and the thermodynamic efficiency of the SE, are de¬ 
fined, respectively as: 

dsE = [1 + Gi (1 - l)\cp(Ji) + k 0 (T H - T l ), (14) 
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Fig. 3. Mechanical power output, thermal power input and efficiency of the SE 
model as a function of the fluidized bed temperature T H at two different values of 
the hot side heat transfer coefficient. I< H expressed in W/(m 2 K). With circles the 
power produced following the Beale’s formula. 



yi = _ (1 Z) ( F('^l) _ (]5] 

lsE [\+Gi(\~x)}cp(Ti) + ko(T H ~T L ) 1 J 

where k 0 is the heat leak coefficient between the absorber and the 
heat sink [38]. 

This model is not in closed form, as it does not fix the value of 
Ti. This temperature can be set by assuming optimal working con¬ 
ditions among those ensuring maximum efficiency or maximum 
useful power. In any case, this temperature remains close to the 
temperature of the hot source. For this preliminary analysis, an 
empirical value of Ti is assumed which reproduces the maximum 
temperature difference at T H = H00 K. The chosen values of all 
the other parameters, not reported here for sake of brevity, lead 
to the SE behavior with the bed temperature T H reported in Fig. 3 
for two different value of I< H . The predicted performances at the 
lower value of I< H , that leads to an heat flux comparable with typ¬ 
ical values attainable in existing SE, compare well with the Beale 
formula [39]. 

4. Model results 

Results from the model previously introduced, taking into 
account all heat fluxes, including radiative losses, and assuming a 
relatively small mirror of 4 m of diameter (12.5 m 2 ), are reported 
in Fig. 4. Other parameters of the configuration adopted are re¬ 
ported in Table 2. 

Three different working conditions have been considered to 
estimate the contribution given by the burning of fuel with differ¬ 
ent levels of sun irradiation, i.e. full (sunny day time, 1000 W/m 2 ), 
50% (cloudy day time), and total absence of the sun irradiation (as 
during the night), and assuming a 75% of global efficiency of sun 
power capture. The distribution of energy shares among the differ¬ 
ent flux contributes is reported versus the amount of biomass 
burned per unit time when steady state conditions are reached. 


When all the CSP (yellow line) can be collected, the system is 
immediately able to produce about 1.25 kW of electricity (blue, 
continuous and starred line). In this case, addition of biomass com¬ 
bustion helps to increase the power produced by the SE, but 
increasing the feeding rate the increase of electric production pro¬ 
gressively drops and an asymptotic behavior is approximately 
reached at the feeding rate of 4 kg/s, due to a large increase of 
the heat transferred to the gas phase. Therefore, in these condi¬ 
tions, most of the energy contribution due to the biomass can be 
profitably adopted for heating purposes, while it is less justified 
for the increase of electric energy production. 

In this case, the biomass addition is really justified only in the 
case a much larger request for heating has to be satisfied. 

When solar irradiance is halved, the solutions for very low fuel 
feeding have to be discarded because of the too low temperature 
reached in the bed to allow steady and clean combustion 
(T < 800 K). In this case, biomass combustion helps to increase 
the electric output: with 2 kg/h of biomass burned, a significant 
power output of about 4 kW is reached. Further increase of the fuel 
feeding is anymore so much effective. When no CSP can be col¬ 
lected, at least 2.5 kg/h of fuels are needed to reach conditions of 
a bed sufficiently hot to allow steady and clean combustion and 
to sustain the SE run. These results also indicate that when the 
combustion of biomass is adopted, the present layout of the system 
suffers of a rapid increase of energy dissipated by convection 
(violet line). Indeed, to ensure the proper amount of oxygen for 
complete combustion, the flux of fed air have to greatly increase 
well above the minimum fluidization velocity. Contemporary, also 
the maximum temperature in the fluidized bed increase. While 
increasing the electric power generated, heat losses also rapidly 
increase reducing the benefit of a large heat energy production. 
Conversely, CSP collection greatly helps to reduce biomass com¬ 
bustion, because only small amounts of air need have to be blown 
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rh F [kg/h] 

Fig. 4. Energy budgets versus fuel burned per unit time for three different CSP 
levels of irradiance: (from top to bottom) 1000 W/m 2 , 500 W/m 2 and OW/m 2 . 
d p = 300 pm. 


to ensure the bed fluidization. Several model refinements and 
design optimizations are still required to get a high level of confi¬ 
dence on the estimated electricity production, but the potentiality 
of the concept is clearly illustrated. 

An interesting comparison can be made by lowering by one 
order of magnitude the heat transfer coefficient between the bed 


Table 2 

Values of the main parameters of the fluidized bed reactor. 


Reactor diameter 0.300 m 


Solid particles 100, 300 pm 
mean diameter 
d p 

Solid particles 800J/(kgK) 

specific heat 

Total mass of 16 kg 

particles in 
bed 


Overall heat transfer 
coefficient of the reactor 
Global CSP efficiency 


Lower heating value of 
biomass (pellet) 

Air excess for pellet 
combustion 


2 W/(m 2 K) 

0.75 [-] 


18.24e+06J/ 

kg 

30% [-] 


and the SE heater, I< H , in conditions of absence of concentrated so¬ 
lar power. This corresponds to imagine the heater located in the 
freeboard region of the FBC, thus realizing a gas to gas heat ex¬ 
change, as done in most of the systems already proposed [7- 
9,11-14]. Keeping the particle diameter to 300 mm, I< H has been 
then fixed to 20W/(m 2 I<). Results given by the present model 
are reported in Fig. 5. 

While the possibility to modulate the fuel feeding is enlarged, 
the electric power output is practically zero, even increasing the 
fuel feeding to the maximum considered of 4 kg/h. Below the lower 
limit, not enough heat is produced to warm the bed, while over the 
upper limit, due to the reduced cooling action of the SE, the tem¬ 
perature very rapidly reaches high values: the entire system re¬ 
duces to work as a simple stove. These results clearly show that 
the heater of the SE needs a much larger surface to recover an en¬ 
ergy output similar to that previously computed with the heater 
immersed in the bed. A large SE heater usually reduces the effi¬ 
ciency of the SE, because of the increase of the dead space of the 
expansion volume. These are probably the main reasons that have 
inhibited the development of micro-cogeneration systems inte¬ 
grating the FBC and SE technologies, a solution previously explored 
only for higher power ranges [7-9,11-14] than that proposed for 
the present system. 

The effect of the solid particle size is investigated in Fig. 6. 
Lowering the size of the solid particles, which corresponds to 
the adoption of an optimal choice of the solid material with 
respect to the utilization of the solar heat source, i.e. to choose 
much smaller particles with diameter of 100 pm [40] to obtain 
the maximum heat transfer from the fluidized bed acting as recei¬ 
ver and the heater of the SE, leads both to decrease the air flux 
required for the fluidization of the bed and to increase the heat 
transfer coefficient between the bed and the SE heater, I< H . 
However the air flow required for the combustion of biomass 
can easily leads to the approaching of the terminal velocity for 
the particle suspension: the air flow required for the combustion 
determine gas velocities that drag the particles away from the 
bed. 

When focus is fixed on the possibility to maximize the solar 
source, the plots in Fig. 6 (top), shows that with such small 
particles a significant increase of Pse up to 1.49 kW from the pre¬ 
vious value of 1.25 kW, without the contribution of fuel burning, 
is obtained. The addition of fuel burning is beneficial for the 
electricity production: at 2.5 kg/h of fuel feeding rate, Pse 
increases of up to 3.5 kW from the previous value of 3.34 kW. 
Furthermore, with so small particles, the air flux required to burn 
more than 2.5 kg/h of fuel implies a gas velocity higher than the 
terminal particle velocity, marking a strong limit for the working 
conditions. 

Conversely, in the case of absence of solar irradiance, the limi¬ 
tations become too strong for a profitable use of the system. Only 
a narrow range of useful working condition is detected, with fuel 
feeding rate between 3 and 3.5 kg/h. At lower values, the combus¬ 
tion efficiency is too low to release enough heat to sustain the 
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Fig. 5. Energy budgets versus fuel burned per unit time for I< H = 20 W(/m 2 K) and 
without CSP irradiance. 




Fig. 6. Energy budgets versus fuel burned per unit time with small particles 
(d p = 100 pm): (top) at solar irradiance of 1000 W/m 2 and (bottom) without CSP. 


combustion. At higher values the terminal velocity of the particles 
is reached. 


5. Conclusions 

A new concept for a system that can provide heat and electricity 
for a single household from renewable energy sources (CSP and 
Biomass) has been presented. The principal improvements with re¬ 
spect to existing systems of similar size and primary energy source 
have been illustrated. The most important are the enhanced heat 
transfer processes that are realized with the help of a fluidized 
bed and the possibility of continuous cogeneration during day 
and night. A simple model has been developed and used to evalu¬ 
ate the expected performance. Two main conclusions can be de¬ 
rived from the model results. Firstly, the possibility to adopt a 
medium, the fluidized bed, ensuring heat transfer coefficients 
about one order of magnitude greater than that typical of systems 
recovering the heat from the gas phase, greatly helps in achieving a 
high utilization of the SE. Secondly, the utilization of the SE adopt¬ 
ing the biomass fuel as energy source, is greatly influenced by the 
size of the sand adopted for the bed. This imply that a careful opti¬ 
mization of the several parameters is necessary to achieve signifi¬ 
cant amount of electric power produced, otherwise the system 
perform mostly as a boiler. Activities are currently carrying out, 
with the help of experimental tests, to assess and improve the flex¬ 
ibility of the system. 

Another advantage of the proposed coupling of a FBC and a SE is 
the possibility to achieve temperatures much higher than those 
attainable with other media adopted as heat conveyor of CSP, like 
water vapor or molten salts. This, together with the reduced dis¬ 
tance from the point of focalization of the CSP and the SE heat ex¬ 
changer, greatly helps in attaining the evaluated performances. 

One of the main drawbacks of this system is its high investment 
cost, due to the typical low size that does not allow to benefit from 
mass-production of its components. Moreover, these systems are 
still in testing or pre-commercialization phase, with the conse¬ 
quent lack of industrial standardization, in particular as regards 
structural and optical components. Therefore, even if the technical 
maturity of the components (in particular the fluidized bed and the 
Stirling engine) has been achieved since a long time, conversely 
their commercial maturity is still far from being obtained, and no 
reliable data about the required investment costs are available at 
the moment. This does not allow to perform a neither broad eco¬ 
nomic analysis, in terms of pay-back period. 

Furthermore, the system is exactly conceived to perform in 
continuous operation, thanks to the integration of an unpredict¬ 
able renewable source (solar) with a programmable one (bio¬ 
mass); therefore, the reduction of energy costs, with respect to 
a conventional system based on separate “production” of thermal 
(natural gas boiler) and electric energy (grid), is positively 
affected by the high number of achievable operating hours. More¬ 
over, in the economic analysis, supporting mechanisms for 
renewable energy sources (feed-in tariffs, energy efficiency certif¬ 
icates, etc., [41]) should be taken into account as a mean to obtain 
financial revenues, especially when Energy Service Companies 
bear the investment costs and the management of the proposed 
system. 

Finally, FB combustors are very flexible toward fuel properties, 
allowing to use freely available agricultural residues (e.g. chips 
from trees pruning). This renders the proposed idea more profit¬ 
able, in particular with reference to a general trend of increasing 
price for oil and natural gas. 
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